We present extensively dense observations of the super-Chandrasekhar supernova (SC SN) candidate SN 2012dn from −11 to +140 days after the date of its B-band maximum in the optical and near-infrared (NIR) wavelengths conducted through the OISTER ToO program. The NIR light curves and color evolutions up to 35 days after the B-band maximum provided an excellent match with those of another SC SN 2009dc, providing a further support to the nature of SN 2012dn as a SC SN. We found that SN 2012dn exhibited strong excesses in the NIR wavelengths from 30 days after the B-band maximum. The H and K s -band light curves exhibited much later maximum dates at 40 and 70 days after the B-band maximum, respectively, compared with those of normal SNe Ia. The H and K s -band light curves subtracted by those of SN 2009dc displayed plateaued evolutions, indicating a NIR echo from the surrounding dust. The distance to the inner boundary of the dust shell is limited to be 4.8 − 6.4 × 10 −2 pc. No emission lines were found in its early phase spectrum, suggesting that the ejecta-CSM interaction could not occur. On the other hand, we found no signature that strongly supports the scenario of dust formation. The mass loss rate of the pre-explosion system is estimated to be 10 −6 − 10 −5 M ⊙ yr −1 , assuming that the wind velocity of the system is 10 − 100 km s −1 , which suggests that the progenitor of SN 2012dn could be a recurrent nova system. We conclude that the progenitor of this SC SN could be explained by the single-degenerate scenario.
Introduction
Type Ia supernovae (SNe Ia) have been used to provide constraints on cosmological parameters through the use of their calibrated light curves (Riess et al. 1998; Perlmutter et al. 1999) . Strong correlations exist between the rate of decline of the light curves and their absolute magnitudes (Phillips 1993; Phillips et al. 1999; Altavilla et al. 2004; Wang et al. 2006; Prieto et al. 2006; Folatelli et al. 2010) . Homogeneous properties are thought to be reproduced by the similar masses of the progenitors (e.g., Branch et al. 1993 , but see also Howell et al. 2006; Scalzo et al. 2010; Taubenberger et al. 2011 and therein) . This would support a scenario that a thermonuclear runaway occurs at the center or off-center region of a white dwarf (WD), when it reaches the Chandrasekhar limiting mass (∼ 1.4M⊙) (Nomoto et al. 1984 ).
However, recently various observational outliers have been discovered, including overluminous SNe Ia (e.g., SuperChandrasekhar SNe; Howell et al. 2006; Hicken et al. 2007; Yamanaka et al. 2009; Tanaka et al. 2010; Yuan et al. 2010; Scalzo et al. 2010; Silverman et al. 2011; Taubenberger et al. 2011; Scalzo et al. 2012; Chakradhari et al. 2014) , which represent a sub-class of SNe Ia studied in this paper. SuperChandrasekhar SNe (SC SNe) have peculiar observational properties, e.g., an extremely high luminosity, slow rate of decline of the optical light curves, typically very slow expansion velocity, and anomalous carbon absorption features (Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011) . The large amount of the ejected 56 Ni mass, as inferred from their peak luminosities, cannot be explained by the Chandrasekharlimiting mass of the WD (Howell et al. 2006) . Theoretical analysis of the light curves and spectra imply that the total ejected mass could significantly exceed the Chandrasekhar-limiting mass of a non-rotating WD and could even reach 2.0-3.0M⊙ (Taubenberger et al. 2011; Hachinger et al. 2012; Kamiya et al. 2012) , although an asymmetricity of the ejecta without invoking the large 56 Ni mass has also been discussed (Hillebrandt et al. 2007 , but see Maeda & Iwamoto 2009; Tanaka et al. 2010) . Demonstrating the presence of circumstellar material (CSM) is critical for providing a constraint on the progenitor nature of an exploding star. The dense environment of the CSM could be formed by the shell being ejected through the mass loss from the companion star or through an optically thick wind arising from the WD. This is expected from a single-degenerate scenario (Nomoto 1982) , while the environment surrounding two WDs would be scarce in a double-degenerate scenario (Iben & Tutukov 1984; Webbink 1984) . Various possibilities for the existence of the CSM have been discussed, based on light echoes in the late-phase light curve mostly in the optical wavelength (Schaefer 1987; Sparks et al. 1999; Cappellaro et al. 2001; Patat 2005; Wang 2005; Patat et al. 2006; Quinn et al. 2006; Wang et al. 2008; Crotts 2015; Drozdov et al. 2015) and time-variable narrow absorption line systems for some SNe Ia (Patat et al. 2007; Simon et al. 2009 ). The stronger evidence of CSM has been reported for a class of SNe Ia-CSM showing a clear signature of the hydrodynamical interaction between the SN ejecta and the CSM (Hamuy et al. 2003; Dilday et al. 2012) . We note that another important clue, a non-degenerate companion star, has been generally non-detected for normal SNe Ia either from the direct detection in pre-SN images Kelly et al. 2014) or the shock-heated early emission (Nugent et al. 2011; Yamanaka et al. 2014) , while the possible signature has been reported for SN 2012cg (Marion et al. 2016) . These various methods for detecting a companion star or CSM have not been applied to SC SNe to date.
Thermal emission from CS dust radiated by light originating from the central SN can also be detected in near-infrared (NIR) wavelength observations if CS dust is present. However, the geometrical structure of the progenitor system may affect the ability to detect such signatures. In any case, if the signatures of the CSM are acquired on subparsec scales, the nature of the progenitor should be limited to the single degenerate state. SN 2012dn was discovered at a magnitude of 16.3 on Jul 13.3 (UT) 1 in the nearby galaxy, ESO 462-16 (µ = 33.15; Bock et al. 2012) . Its spectrum resembled that of SC SN 2006gz at 10 days before maximum . Chakradhari et al. (2014) noted that the optical and ultraviolet properties of SN 2012dn are similar to those of SC candidate SN 2006gz. Therefore, SN 2012dn could be the nearest SC SN Ia candidate to date. Parrent et al. (2016) performed the detailed spectral analysis of SN 2012dn. They derived the ejected mass exceeding 1.6M⊙, indicating that SN 2012dn is a SC SN Ia. They also suggest that the origin of SN 2012dn might not be a merger event.
In this paper, we present intensitively obtained samples of the optical and NIR observations of the super-1 We adopted t = 0 as MJD 56132.39 derived by Chakradhari et al. (2014) Chandrasekhar candidate SN 2012dn obtained through the Target-of-Opportunity (ToO) program in the Optical and Infrared Synergetic Telescopes for Education and Research (OISTER). We focus on the NIR data, which have never before been published. The NIR light curves and color exhibited strong excesses after t = 30 d. The J, H, and Ks-band fluxes were subtracted using the light curves of SN2009dc as a template. We demonstrate that the subtracted light curves could be naturally explained by dust echo models. The classification of SN 2012dn as a SC SN is also discussed using the NIR data. The nature of the progenitor system is then discussed using the mass loss rate and the distances to the CS dust shell derived from the dust echo model. Finally, we present our conclusion that a SC SN progenitor could originate from the single-degenerate scenario.
Observations and data reduction
Using the OISTER (Itoh et al. 2013; Itoh et al. 2014; Ishiguro et al. 2015; Kuroda et al. 2015; Yatsu et al. 2015; Yamanaka et al. 2015) , ToO program, observations were conducted for SN 2012dn between t = −7 and 140 d. Optical and NIR photometric observations of SN 2012dn were performed using different 10 telescopes, while spectroscopic observations were carried out using one telescope.
Optical photometry
We performed B, V , R, I, and z ′ + Y -band photometric observations over 52 nights using the Hiroshima One-shot Wide-field Polarimeter (HOWPol; Kawabata et al. 2008 ) installed on the 1.5-m Kanata telescope, U , B, V , R, and I-band observations on 44 nights with the Multi-spectral Imager (MSI; Watanabe et al. 2012 ) installed on the 1.6-m Pirka telescope, and B, V , I, g ′ , i ′ , z ′ -band photometric observations over 24 nights with the Araki telescope DuaL-band imagER (Adler; Isogai et al. 2015) installed on the 1.3-m Araki telescope. The observatories, telescopes, and instruments participating in this program are summarized in Table 1 .
We also performed g ′ , R, and I-band observations using a robotic observation system, the Multicolor Imaging Telescopes for Survey and Monstrous Explosions (MITSuME; Kotani et al. 2005) , at the Okayama Astrophysical Observatory (OAO) (Yanagisawa et al. 2010 ) on 67 nights; at the Akeno Observatory on 11 nights; and at the Ishigaki-jima Astronomical Observatory on 29 nights. Expanding the OISTER collaboration, we performed B, V , R, and I-band photometric observations on 29 nights using the 0.5-m (51-cm) telescope at Osaka Kyoiku University. The Kyoto Okayama Optical Low-dispersion Spectrograph (KOOLS; Yoshida 2005) attached to the Cassegrain focus of the 1.88-m OAO telescope Table 1 .
was used for observations of the photometric standard stars on one night. These data were reduced using a standard procedure for charge-coupled device (CCD) photometry. The obtained data were reduced according to a standard procedure for ground-based observations. We performed point spread function (PSF) fitting photometry using the DAOPHOT package of the IRAF 2 reduction and analysis software. manner to the optical.
Near-infrared photometry

Photometric calibrations
Photometric calibrations were performed using a similar method to Yamanaka et al. (2015) . Relative photometry was carried out using the local reference stars in the field of SN 2012dn. For the NIR data, the 2MASS catalog magnitudes were used for the reference stars (Persson et al. 1998) . A square average of the standard deviation of the SN and the systematic error of the reference star magnitudes were adopted for the observational errors. A summary of the results of the photometry is listed in Table 1 − 7. Photometric data for standard stars in the SA 111, SA 112, and SA 113 regions (Landolt 1992) , which were obtained using HOWPol, MSI, Adler, and KOOLS on photometric observation nights, were used to calibrate the U , B, V , R, I, g ′ , i ′ , and z-band magnitudes of the reference stars. Using these magnitudes, relative photometry for the SN was performed. The calibrated reference magnitudes were consistent with those of Chakradhari et al. (2014) , which lay within the error. Note that we reduced the systematic error for the various instruments using a color-term correction in a consistent manner and included newly performed observations of the standard stars in the M67 (Stetson 1987) and SA98 (Landolt 1992) regions.
Optical spectroscopy
We performed optical spectroscopic monitoring using HOWPol over a period of 30 nights. The wavelength coverage was 4, 500 − 9, 000Å and the spectral resolution was R=λ/∆λ ∼ 400 at 6,000Å. During the data reduction procedure, the wavelengths were calibrated using telluric emission lines acquired in the object frames. The fluxes were calibrated using the frames of spectrophotometric standard stars taken on the same night as the object data. We removed strong telluric absorption features from the spectra using the spectra of high-temperature standard stars.
Observational properties
3.1 Light curves Figure 1 shows the multi-band optical and NIR photometric data for SN 2012dn, where the magnitudes have already been corrected for Galactic and host galactic extinctions (Schlafly & Finkbeiner 2011; Chakradhari et al. 2014) . U , B, V , R, and Iband data were consistent with those reported by Chakradhari et al. (2014) , which lay within our error. The NIR light curves exhibited a single-peaked maximum, except for the J-band. Redder-band light curves arrived at their maximum at a later epoch. The H and Ks-band maxima were particularly visible at ∼ 40 and ∼ 70 days after the B-band maximum date, respectively. Such large delays have never been found in any SNe Ia to date. Figure 2 provides a comparison of the optical U , B, V , R, and I-band light curves with those of SNe 2001el (Krisciunas et al. 2004 ) and 2009dc (Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011) . The U -band data provide better coverage than those presented by Chakradhari et al. (2014) . The rising part of the U -band light curve exhibited a slightly slower evolution than that of typical SN 2001el, while it was similar to that of another SC SN 2009dc (Taubenberger et al. 2011) . The U -band maximum date was consistent with those of SNe 2001el and 2009dc. The rates of decline of the light curves for all bands were much slower than those of SN 2001el. The B-band light curve showed a significantly faster evolution than that of another SC SN 2009dc. The decline rates of the U , V , R and I-band light curves were relatively similar to those of SN 2009dc. Friedman et al. (2015) were included for this comparison. The light curves shown in Fig. 3 are the average of those of obtained within a night. The J-band light curve of SN 2012dn exhibited first and secondary maxima. The first peak was reached a few days after the B-band maximum, while for typical SN 2001el the first peak was reached a few days before the maximum. The (Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011 ) and a typical SN Ia 2001el (Krisciunas et al. 2004) . Our data are denoted by the red-filled circles. Those of SNe 2001el and 2009dc are denoted by the blue diamond and green pentagons, respectively. The magnitudes were artificially shifted to their maximum for comparison. The data were stacked into the averaged magnitudes within a day from our data.
secondary peak occurred at t = 35 d, which was similar to that of typical SN 2001el. The magnitude of the J-band secondary maximum was ∼ 0.2 mag fainter than the first, while that of SN 2001el was ∼ 1.5 mag fainter. The overall shape was fairly similar to that of SN 2009dc up to t = 40 d, but the decline rate after t = 40 d was much lower than that of both SNe.
For the H band, the magnitudes reached the maximum at around t = 40 − 50 d. The light curve almost linearly declined from t = 40 d until t = 140. The rate of decline was estimated to be 2.5 mag per 100 d between t = 40 and 120 d, which was much slower than the 3. Friedman et al. (2015) were included for comparison. The absolute magnitudes of SN 2012dn were calculated using a distance modulus of µ = 33.15 to the host galaxy, ESO 462-16. SNe are denoted in a similar manner to Fig. 2 . A dip at ∼ 80 − 90 days seen in H and Ks bands (and possibly in the J band) is probably a real feature, since the data independently obtained using different three telescopes were consistent within the systematic error. We stacked these data taken within a day into the averaged magnitudes. This feature would not contradict to the general interpretations for the NIR excess we examined in this paper, but this may contain information to further constrain on details of each scenario. We postpone such a study to the future.
luminous than SN 2009dc between t = 85 and 110 d. 
Color evolutions
Bolometric luminosity
The BV RI and BV RIJHKs -band integration light curves were constructed using the full width half maximum (FWHM) and the center wavelengths of their passband (Fukugita et al. 1996) . Galactic and host galactic extinctions were corrected using E(B −V )= 0.1 (Chakradhari et al. 2014) . A distance modulus of µ = 33.15 was adopted (Theureau et al. 1998) . Additional data from Chakradhari et al. (2014) were also included. The optical-NIR integration light curve was compared with the optical alone to assess whether the NIR excess originated from a different component from the SN emission. For comparison, the BV RIJHKs and BV RI -band integration light curves of another SC SN 2009dc and the template SN Ia were also constructed (Hsiao et al. 2007 ) (see Fig. 5 ). The absolute magnitudes of the template were obtained from the decline rate for a normal SN Ia (∆m15(B)= 1.1; Phillips et al. 1999) The peak luminosity was estimated to be 7.0 × 10 42 erg s −1 .
Assuming that the luminosity was 60% in the BV RIJHKsband coverage region (Stritzinger et al. 2006) , the quasibolometric luminosity was calculated to be 1.2 × 10 43 erg s −1 .
The luminosity was 25% fainter than the luminosity estimated using a similar method by Chakradhari et al. (2014) . This difference could be caused by a systematic error. The peak luminosity was slightly fainter than that of the template light curve, indicating that the absolute luminosity of SN 2012dn was similar to normal SNe Ia. The peak luminosity was 2.3 times fainter than that of the extremely luminous SN 2009dc.
There was a slight difference in the decline of the light curve between the optical and optical-NIR integrations. The de- The both light curves exhibited the faster decline than the analytical models after t = 80 d. Later-epoch light curve for an another SC SN 2006gz also exhibited faster decline (Maeda & Iwamoto 2009; Chakradhari et al. 2014) . Those of SNe 2007if and 2009dc were quite slower (Chakradhari et al. 2014 ). There could be diversity of the light curve decline among SC SNe. Thus, the faster decline of the light curve of SN 2012dn could be intrinsic. On the other hand, the NIR light curves exhibited slower evolution after t = 80 d, indicating the echo component (see §5.2.2) , but the energy contributions were relatively small. The evolution of the NIR contribution was then investigated. The lower panel of Fig. 5 shows the time evolution of the NIR flux fraction in the optical-NIR integration light curve. The NIR flux dramatically increased after t = 15 d. This was earlier than our expectation based on a comparison of the color evolutions with those of SNe 2001el and 2009dc (see §3.2). The NIR flux contribution became 35 % of the total optical-NIR integration flux at t = 110 d. On the other hand, the NIR contributions of normal SNe Ia and 2009dc were lower than those at earlier epochs Wang et al. 2009 ). This was a unique feature of SN 2012dn. Measurements of the absorption lines were performed using the splot command in IRAF . The error was calculated by summing the standard deviations and wavelength resolution.
Spectral properties
The spectral evolution of SN 2012dn is shown in Fig. 6 . The wavelengths of the data were corrected using the recession velocity of the host galaxy (Theureau et al. 1998) . The spectra exhibited the multiplet of the Fe II, Si II, S II W-shape features, the Ca II IR triplet, and the O I, indicating that this SN should be classified into the subclass of SNe Ia (Branch et al. 1993) . The strong C II λ6580 and λ7234 absorption lines were detected until t = 25 d, which was 10 days later than the last one reported by Chakradhari et al. (2014) , although these may be contaminated by Fe II absorption during the later phase because emission lines from iron-group elements are dominant in the inner-ejecta region. The C II absorption lines after the Bband maximum are also confirmed in SN 2009dc (Yamanaka et al. 2009 ).
We measured the absorption minima, O I λ7774, Si II λ6355, and S II λ5640. The line velocities of these features of the normal SN 2003du (Stanishev et al. 2007 ) and SC SN 2009dc were also measured in the same manner. The measured features were identified as indicated in the lower panel of Similar trends were also exhibited by the color evolutions. The V − J, J − H and J − Ks color evolutions demonstrated an excellent match with those of SC SN 2009dc, while remaining quite distinct from those of normal SNe Ia. Contrastingly, V − H and V − Ks color evolutions were well similar to those of SNe 2001el and 2009dc, while the V , H, and Ks-band light curves were quite different. The NIR light curves and color evolutions among the SNe Ia exhibited greater homogeneous characteristics than those of the optical (Jack et al. 2012; Dhawan et al. 2015) .
The estimated ejecta mass ranged from ∼ 1.8 − 2.2 M⊙ using various approaches (see Appendix 1), indicating that the total ejected mass could be much larger than the Chandrasekharlimiting mass of a non-rotating WD (but, see Parrent et al. 2016) . Such a mass range for SN 2012dn is roughly consistent with those derived from the light curve and spectral analysis of SC SNe (Scalzo et al. 2010; Silverman et al. 2011; Taubenberger et al. 2011; Kamiya et al. 2012; Hachinger et al. 2012) . We conclude that SN 2012dn should be classified as a SC SNe.
Discussion
NIR excess
SN 2012dn shows an additional and extremely long-duration component in the NIR light curves. In the following sections, we extract this NIR component using light curve subtraction, and analyze the spectral energy distribution using dust models.
NIR light curve subtraction
The subtraction of the J, H and Ks-band fluxes by those of another SC SN 2009dc, was performed to derive the origin of the NIR excess. The J, H, and Ks-band light-curve shapes exhibited the excellent matches to those of SN 2009dc up to t = 40 d, indicating that the intrinsic NIR light-curve behavior is almost the same to that of SN 2009dc while the absolute luminosities were different. From this striking similarity, we hereafter assume that the behavior intrinsic to the SN components are the same between SNe 2012dn and 2009dc, and we discuss the origin of the difference between two SNe. While we believe this is a reasonable assumption, further justification of this assumption will require a larger sample of NIR light curves of SC SNe Ia, highlighting the importance of intensive NIR follow-up observations of SC SNe Ia. First, the J, H, and Ks-band absolute magnitudes of SNe 2009dc and 2012dn were measured at their B-band maximum. The fluxes were converted from these magnitudes using the FWHMs of the filter passbands and zero magnitude fluxes (Fukugita et al. 1996; Bessell 1990) The subtracted H and Ks -band light curves exhibited linear rises until t = 40 and 50 d, respectively, and the H and Ksband peak magnitudes reached −18 and −18.5 mag, respectively. Thereafter, they exhibited notable plateaus in the H and Ks bands. The subtracted J-band component began to be visible at a magnitude of −15.5 after t = 90 d, after the SN emission became sufficiently faint. Such plateau-shaped light curves could naturally be explained by the NIR echo from the CS dust . Comparisons of the subtracted light curves with the theoretical model will be performed in §5.2.2.
Dust model fitting
The SEDs of the subtracted H and Ks-band fluxes were constructed from the effective wavelengths of the passband of their filters (Bessell 1990; Fukugita et al. 1996) . Fitting to the subtracted SEDs using the dust model from Kawabata et al. (2000) was then performed adopting the following procedure. The dust emission SEDs were calculated using the Mie theory for dust opacities. The optically thin dust emissions were integrated on the assumption of a distribution of the dust sizes; the power-law index was assumed to be 3.5. We calculated two cases of the dust composition: amorphous carbon and astronomical silicate (Kawabata et al. 2000) . The dust temperatures and masses were given as variable free parameters. The temperatures were varied at every 100 K in the range between 500 and 2500 K, and the dust masses varied from 10 −6 to 10 −4 M⊙. To derive the most reliable parameters, a least-squares method was adopted. The SED and dust model evolutions are shown in Fig. 9 . We found that SED fitting after t = 45 d was more reliable.
The temperature evolution was derived from the SED fitting analysis. Figure 10 shows that the dust temperature evolution exhibited an exponential decrease between t = 40 and 100 d. In particular, it seems to exhibit a flat evolution after t = 60 d. Figure 10 also shows that the dust mass evolution displayed an increase from 10 −6 to 10 −4 M⊙. It appears to show a flat evolution from t = 60 d, although this is later than the beginning of the Ks-band plateau phase. Fitting to the J, H, Ks-band fluxes was also performed between t = 90 and 110 d. These results may be more reliable than just the H and Ks-bands because the SN component was much fainter than the dust emission at this point. We will discuss this in the following section, assuming that the fitting result is significant only after t = 45 d.
Until now, amorphous carbon was used in the analysis of the SED fits. We also attempted SED fitting at similar epochs using the astronomical silicate model (Kawabata et al. 2000) . Figure 9 shows a comparison of the dust emission SED of amorphous carbon with that of astronomical silicate at t = 70 d. The temperatures used to explain the SEDs among these phases ranged from 1200−2200 K and were significantly higher than the evaporation temperature of astronomical silicate, ∼ 1000K (Nozawa et al. 2003) . This means that the dust that accounts for the NIR excess of SN 2012dn could almost completely be dominated by amorphous carbon. We will discuss the origin of this dust in the following section, and adopt amorphous carbon with a grain size of 0.01µm.
Origin of the dust
The near-infrared excess related to the dust has previously been discussed for several core collapse SNe (Bode & Evans 1980; Gerardy et al. 2000; Pozzo et al. 2004; Mattila et al. 2008; Di Carlo et al. 2008; Fox et al. 2009; Andrews et al. 2011; Maeda et al. 2013; Gall et al. 2014 ). However, there have been only a few discussions regarding dust signatures for the subclass of SNe Ia, i.e., SN 2005gj-like events (Fox et al. 2013) . SN Iax 2014dt also exhibited a possible mid-infrared (MIR) excess in the intermediate phase, suggesting that dust emission could arise from an NIR echo or other mechanisms (Fox et al. 2016) . They also presented a Ks-band light curve which might show a glowing excess, while they did not discuss the origin of the possible Ks-band excess. The scenarios that could explain the NIR excesses include (i) ejecta cooling condensations, (ii) light echo from the interstellar/circumstellar medium, and (iii) dust formation through the interaction of the ejecta with the CSM. For SN 2012dn, no emission lines were found in its early spectrum, indicating that the ejecta-CSM interaction scenario is unlikely.
Dust formation
The NIR echo scenario could be naturally acceptable by the fact that the NIR light curves subtracted by those of SN 2009dc exhibited definitively trapezoidal shapes (see §5.2.2). The dust formation scenario does not explain the serendipitous reproduction of such plateau evolutions. Most SNe that undergo dust formation exhibit a significant increase in the NIR fluxes, e.g., as observed in SN IIn 2005ip (Fox et al. 2009 ). The blueshift of the emission lines, the sudden drop in the optical luminosity, a slight increase in the NIR emission, the reddening of the optical color, and the evolutions of the optical depth were not found in observations of SN 2012dn. To clarify these points, we discuss in this section whether the dust formation scenario can explain the NIR excess observed in SN 2012dn or not.
Recently, it has been reported that SC SNe have a relatively fast decline in their optical light curves between t = 200 and 400 d Taubenberger et al. 2011) . Analysis suggests that this fast decline may be related to dust formation scenario. For SN 2012dn, Chakradhari et al. (2014) reported that the optical light curves exhibited a faster evolution between t = 50 and 100 d compared with those of other SC SNe 2007if and 2009dc, but were similar to those of SN 2006gz. The authors suggested that dust condensation may occur from t = 50 d, which was much earlier than that discussed for other SC SNe.
Indeed, the optical-NIR integration light curve exhibited a similar decline rate to that of SN 2009dc (see §3.3). Such serendipitous consistency may be explained by re-emission from the newly formed dust absorbing the SN emission. However, it is not clear whether the consistent evolution of the SN light curves are intrinsic or not.
From a theoretical point of view, Nozawa et al. (2011) predicted that dust formation should occur at a much later epoch, i.e., a year after the explosion. Furthermore, a higher-density ejecta relative to a normal SN Ia could further delay dust formation. Therefore, the timescale of the NIR increase seems to be too short to be consistent with the dust formation scenario.
If typical-sized dust forms via ejecta cooling, the bluer band color should experience more substantial extinction. In our case, the U − B color did not exhibit significant reddening between t = 30 and 60 d (Chakradhari et al. 2014) , and the evolution was similar to that of SN 2009dc. On the other hand, the B − V color was ∼ 0.4 mag redder than that of SN 2009dc between t = 30 an 60 d. Other optical colors were similar to those of SN 2009dc (Chakradhari et al. 2014) . Therefore, if the dust formation would be responsible to the fast decline in the optical light curve, anomalous dust with wavelength independent opacity is needed to explain these similar color evolutions, e.g., a gray dust.
SED fitting analysis either does not favor the dust formation scenario. The optical depth evolution could show a rapid increase if dust formation occurs in the ejecta, as observed in Type Ibn SN 2006jc (Di Carlo et al. 2008 Mattila et al. 2008; Sakon et al. 2009 ). The optical depth did not exhibit the dramatical evolution among t = 40 and 70 d, suggesting that mass evolution by the newly formed dust was unconfirmed. The dust mass evolution also exhibited a flat evolution until t = 100 d, implying that no new dust formation occurred between t = 40 and 100 d (see Figure 10 ). All these arguments presented in this subsection support the NIR echo scenario rather than the dust formation.
Light echo from circumstellar dust grains
The subtracted H and Ks-band light curves exhibited flat evolutions between t = 50 and 110 d. A NIR echo could be the most plausible scenario to explain such flat evolutions Chevalier 1986) . A comparison of the subtracted light curves with those predicted by the theoretical model was performed in two cases. Estimating the distances to the CS dust using the epoch of the beginning of the using two different sets of the parameters, and assuming a symmetrically spherical shell and amorphous carbon. The light curves subtracted by those of SN 2009dc are also plotted and are denoted by the red-filled pentagon. The upper-limit magnitudes observed by IRSF telescope were also plotted and denoted by the down triangles.
NIR echo and the duration of the plateau, we investigated the distance over which the dust can survive in the SN radiation field.
The duration of a light curve is determined by the spatial extent of the interstellar/circumstellar dust. Dust emission that is thermalized by the radiation of the central SN is seen by an observer. For a sample of normal SNe Ia, Maeda et al. (2015) provided upper limits for the CS dust masses and their distances from SNe by comparing the predicted NIR echo light curves with observations. We attempted to compare the JHKs-band light curves of SN 2012dn with the theoretical light curves as shown in Fig. 8 . To explain the subtracted J, H and Ksband luminosity, the dust mass should be 5.5 × 10 −4 − 1.5 × 10 −5 M⊙, with the dust assumed to have a shell-like geometry and consist of amorphous carbon. The distances to the dust in the model were assumed to be ∼ 4.8 × 10 −2 − 6.0 × 10 −2 pc.
It should be emphasized that this model can simultaneously explain all NIR-band luminosity with consistent masses, indicating the consistency in the dust temperature between the model and in SN 2012dn. However, it does not explain the rising part of the subtracted light curves.
A spherically symmetric shell cannot explain the time delay at the beginning of the NIR echo. The dust would not be distributed around the crosspoint between the line-of-sight direction and the circular. The smallest distance was calculated to be ∼ 2.0 × 10 −2 pc if the dust was located on the opposite side of the SN to the Earth, although such geometry is highly unlikely. The longest distance is limited by the intensity of the SN radiation and the temperature of the dust (this will be discussed in the following paragraph). Thus, we suggest that a reasonable distance could be greater than 2.0×10 −2 pc, which is not inconsistent with the distances estimated from the theoretical model. An axisymmetrically circular arc shell could explain such a delay. Alternatively, a highly inclined ring-like shell could be also considered. Future work on the NIR echo emission for a SC SN Ia will deal with such problems. The nature of the pre-explosion system is discussed, using these distances and CS dust shell geometries, in §5.3.
The minimum dust cavity size can also be limited using the peak luminosity because the strong radiation field can break up the dust particles . The scaling method for the parameters of the well-studied SN to those of SN 2012dn is (Kawabata et al. 2000) . The dust emissions were calculated by integrating the optically thin dust using an assumed power-law size distribution. The maximum size was 0.01µm. The dust was composed of amorphous carbon. The blue line denotes a model for astronomical silicate whose temperature significantly exceeds its evaporation temperature. The black lines denote the fitting results for the H and Ks -band fluxes, while the red line denotes the J, H, and Ks-bands. used along with Eq. (5) presented in Fox et al. (2009 for Type II SN 1980K as a template . The size of the dust cavity was estimated to be ∼ 1.4 × 10 17 cm, which corresponds to 4.6 × 10 −2 pc. This is consistent with the size estimated from the theoretical NIR echo model.
We have presented an illustration of the NIR echo scenario by comparing the subtracted light curves with those predicted by the theoretical model. The distance (∼ 4.8 − 6.0 × 10 −2 pc) estimated from the theoretical model was consistent with the lower limit (∼ 4.6 × 10 −2 pc ) set by the condition of the dust evaporation. Indeed, this is in support of the NIR echo scenario where the most significant contribution to the NIR LC comes from the dust at the evaporation radius, even if the CSM is distributed smoothly from the SN vicinity.
Implications for the progenitor system
A non-rotating WD explosion in the single-degenerate scenario cannot reproduce the super-Chandrasekhar-limiting mass. There are two possibilities to account for the large ejecta mass: a rapidly-rotating WD or a double WD merger scenario. In a recent hydrodynamic explosion model, the extremely large luminosity (i.e., the large 56 Ni mass) favors the detonationtriggered spherical explosion of a rapidly rotating WD in the single-degenerate scenario (Pfannes et al. 2010) , while a violent merger-induced explosion from the double-degenerate scenario would explain the subluminous (Pakmor et al. 2010) or normal SNe Ia .
A recurrent nova is an explosive event caused by thermonuclear runaway on the surface of the WD by accretion from a companion star, e.g., a red giant star. If the mass accretion from the companion is superior to the mass loss by the eruption, the WD mass grew up to the limiting mass. Thereafter, the thermonuclear explosion of the entire WD material should occur (Hachisu et al. 1999; Hachisu et al. 2012 ). The Roche lobe overflow caused by the binary interaction also leads to a dense environment surrounding the system. The single-degenerate scenario favors such a dense environment around the progenitor.
The envelope predicted by the merger scenario would be expected to be ejected within ∼ 1 day after the disruption of the secondary star (Yoon et al. 2007; Levanon et al. 2015; Tanikawa et al. 2015) . The interaction of the ejecta with such a close envelope may rather predict the UV excess at the earlier phase (Scalzo et al. 2010; Scalzo et al. 2012; . The density on the subparsec scale is low because the time scale over which the merger event of the two WDs occurs is very long due to the formation of the WD binary.
Our analysis found that the NIR echo light curve of SN 2012dn between t = 40 and 110 d is well explained by the existence of CS material surrounding the pre-explosion system in the single-degenerate scenario. Such an NIR echo implies that the pre-explosion material existed at a distance greater than ∼ 4.6 × 10 −2 pc. Such distant material strongly supports the presence of a wind from the pre-explosion system, e.g., a recurrent nova.
The mass loss rate of the pre-explosion system can be estimated within the framework of the NIR echo scenario. The radius and the total mass of the CS dust are required. The former was calculated using the timescale over which the NIR echo luminosity sufficiently decreased, and was adopted to be R = 1.8 × 10 17 cm. The total mass was adopted as M d =∼ 5.5 × 10 −4 − 1.5 × 10 −3 M⊙ from the comparison with the theoretical NIR echo. Given that the model overpredict the early rising light curve, the mass should be reduced by a factor ∼ 2.
The gas-dust mass ratio was assumed to be Z d = 0.01. The mass loss rate was calculated to be 4.8 × 10 −6 − 1.3 × 10 −6 M⊙ yr −1 , assuming that the shell velocity was 10 km s −1 . The estimated mass loss rate (∼ 10 −6 -10 −5 M⊙ yr −1 ) is roughly consistent with those measured from Galactic recurrent novae (Hachisu et al. 2000; Hachisu & Kato 2001) .
The deep images of Galactic SN Ia progenitor candidates V445 pup and RS Oph obtained several years after their eruptions have been reported (Woudt et al. 2009; Bode et al. 2007 ). Axisymmetric bipolar shells formed by the ionized gases were found, and these exhibited a mildly spread opening angle. The time delay and durations of the NIR echo in SN 2012dn are likely to be explained by such geometry even if the line-ofsight direction is parallel to the CS shell plane. Another NIR echo from the opposite side of the shell surrounding SN 2012dn would reach us in the near future, depending on the geometry. Alternatively, the interaction of emission from the collision of the ejecta with the shell may be discovered. Assuming that the ejecta velocity is ∼ 10, 000 km s −1 , the interaction will occur in the early 2017.
Conclusion
In this report, we present the JHKs-band light curves of SN 2012dn exhibited maxima with unusually long durations. The color exhibited a strong NIR excess from 30 days after the Bband maximum. None of these phenomena have previously been detected among SC SNe Ia so far, nor normal SNe Ia.
NIR light curves subtracted by those of SN 2009dc displayed flat evolutions, indicating a NIR echo from the surrounding dust shell to the SN. The fitting of the SEDs was performed using a dust emission model with amorphous carbon and a maximum grain size of 0.01µm. The dust mass evolution also exhibited a plateau phase between t = 60 and 110 d. Comparison of the subtracted light curve with the theoretical model provided a dust mass of 5.5 × 10 −4 − 1.5 × 10 −3 M⊙ and a distance of 4.8 − 6.0×10 −2 pc, suggesting the presence of circumstellar material in the pre-explosion system. If the pre-explosion system had a wind of velocity of 10-100 km s −1 , the mass loss rate is estimated to be 10 −6 − 10 −5 M⊙ yr −1 , which is well consistent with those measured in Galactic recurrent novae. The light curve and color evolution comparisons indicate that SN 2012dn should belong to the class of SC SNe, while the total ejecta mass could be 1.8-2.2M⊙. We conclude that a SC SN should originate from a WD explosion in the single-degenerate scenario. 
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Appendix 1 Estimate of the ejecta mass
The total ejecta mass was estimated with a scaling method using Arnett's rule (Arnett 1982) by comparison with a normal SN Ia. The slower light curve evolution indicates a greater ejecta mass if the line velocities are similar. The line velocity of SN 2012dn was almost the same as that of a low-velocity SN Ia at a similar epoch while the light curve evolutions were much slower. This suggests that the total ejecta mass could be significantly larger than that of a normal SN Ia. Tanaka et al. (2011) presented an ejecta mass of ∼ 1.4M⊙ and kinetic energy ∼ 1.3 × 10 51 erg s −1 for normal SN 2003du.
These ejecta properties were adopted as zero points in the scaling method The velocities obtained by the same absorption lines were used for the scaling. We adopt the S II velocities, since the S II line formation region was located in the inner part of the ejecta compared with that of SiII (see Fig. 7 ). The line velocities of these SNe were derived as v S ii,12dn ∼ 9500 km s −1 and v S ii,03du ∼ 9000 km s −1 at the t = 5 d. Arnett's rule is defined as,
Here, τ is the timescale of the light curve and v is the expansion velocity. The light curve timescale was adopted to describe the decline rate of the B-band light curves. The ratio was given as τ 12dn ∼ 1.08 and τ 03du ∼ 0.83 from the inverse of the ∆ m15(B) 12dn = 0.92 and ∆ m15(B) 03du = 1.02 (corresponding to the stretch factors). The total ejecta mass was estimated to be M ej,12dn ∼ 1.8M⊙ from M ej,03du = 1.4M⊙. The total ejected mass significantly exceeds the Chandrasekhar-limiting mass of the WD. A cross check was performed using scaling from the parameters of another SC SN 2009dc. An ejecta mass of ∼ 2.4M⊙ and E k = 0.9 × 10 51 erg s −1 were adopted as zero points (Kamiya et al. 2012) . The line velocity of S II at t = 5 d was measured to be ∼ 6000 km s −1 (Yamanaka et al. 2009 ) and the decline rate was ∆ m15(B)∼ 0.7 (Yamanaka et al. 2009; Silverman et al. 2011; Taubenberger et al. 2011 ). The total ejecta mass of SN 2012dn was estimated to be ∼ 2.2M⊙, which is slightly larger than that estimated above. 
